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Abstract
The past few decades have seen an increase in the use of beta titanium alloys as structural
biomaterials. Their combination of excellent mechanical properties, corrosion resistance and
biocompatibility, along with a lower Young’s modulus than stainless steel, cobalt-chromium and
commercially pure titanium make the beta titanium alloys ideal biomaterials. This work
evaluates the use of three beta titanium alloys for biomedical applications. Three beta titanium
alloys, Ti 15-3-3-3, Ti SP-700 and Ti Beta-C, underwent thermal processing to optimize
mechanical properties. The alloys were subjected to tensile testing, hardness testing, fatigue
testing, optical microscopy and SEM fracture analysis in order to determine the best processing
conditions for biomedical alloys. In order to understand the effects of the thermal processing, the
grain structures of the beta titanium alloys were examined. The fracture surfaces of the alloys
were examined to understand the fracture and failure mechanisms involved. Thermal processing
yielded good properties (998 MPa and 23% elongation) in the Ti 15-3-3-3 alloy aged at 550 ºC.
The annealed condition of the Ti SP-700 produced good mechanical properties for biomedical
applications (1031 MPa and 27% elongation). Titanium Beta-C aged at 455 ºC yielded good
mechanical properties (964 MPa and 23% elongation). However, the Ti Beta-C alloy’s
mechanical properties can be improved upon still by implementing a duplex aging process. All
three alloys fractured in a ductile manner, which is desired for structural alloys. All three alloys,
Ti 15-3-3-3, Ti SP-700 and Ti Beta-c, can be processed to have good mechanical properties for
biomedical applications, a combination of high strength (1000 MPa) and ductility (15%
elongation).

Keywords: beta phase titanium, biomedical alloys, mechanical properties, microstructure,
fatigue, fracture
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1. Introduction and Background
The need for strong lightweight materials to be used as implant material in the biomedical
field has produced several high quality metal alloys. Stainless steel was the first modern metal to
be used as a structural biomaterial. In 1931 stainless steel was used in the first femoral neck
fixation device. Shortly after that, in 1936, the alloy cobalt-chromium was used for bone plates.
Then, a decade later in 1947, Ti and its alloys were used for bone plates and hip joints [1]. These
three metal groups make up the major metallic biomaterials that are currently in use. All of these
materials have been greatly improved with regard to their use in the biomedical field since their
conception in the first half of the 20th century. Much of the current research in this field is
looking at one specific group of titanium alloys. The beta phase titanium alloys have gained
significant interest in the last three decades [2]. When implanted in bone, the difference between
the Young’s modulus of the bone and the metal causes stress shielding. This effect wears away
the bone and causes the implant to loosen and eventually lose function ability. The Young’s
modulus of bone is around 30 GPa, while the modulus of stainless steel, cobalt-chromium and
titanium are 200, 230 and 127 GPa respectively. However, with proper alloying element
additions, the modulus of beta phase titanium can be reduced to as low as 40 GPa [3]. Most beta
phase titanium alloys have Young’s moduli in the range of 70-110 GPa. The current study
evaluates three beta titanium alloys for their use as biomaterials.
In the current study three beta phase titanium alloys were evaluated, Ti 15-3-3-3, Ti SP700 and Ti Beta-C. The alloy Ti 15-3-3-3 was developed for military applications. It has high
strength and good cold formability. The alloy composition is Ti with 15% V, 3% Al, 3% Cr and
3% Sn. [4] The alloy Ti SP-700 was developed to improve hot workability and mechanical
properties over the alloy Ti-6-4 . The alloy composition is Ti with 4.5% Al, 3% V, 2% Mo and
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2% Fe and provides good hardenability and fatigue strength [5]. The alloy Ti Beta-C was
developed to replace the alloy Ti 13-11-3. Ti Beta-C had better melting characteristics than 1311-3. Beta-C also shows excellent resistance to corrosion by reducing acids and chloride. The
alloy composition is Ti with 3% Al, 8% V, 6% Cr, 4% Mo and 4% Zr [6].
As beta titanium alloys, Ti 15-3-3-3, Ti SP-700 and Ti Beta-C can be thermally processed
to improve their mechanical behavior. Thermal processes include annealing, solutionizing and
aging. Annealing increases the alloys fracture toughness and ductility while the purpose of aging
is to increase the materials strength.
The goal of this study is to determine if Ti 15-3-3-3, Ti SP-700 and Ti Beta-C can be
processed to have the necessary properties, a combination of high strength and ductility, for
biomedical applications. These three alloys were evaluated in the annealed condition and in
several different aged conditions. Stress strain curves were generated from the tensile tests
performed on the treated titanium alloy samples. These curves were used to tailor a processing
guide to obtain optimal mechanical properties for biomedical use. The materials microstructures
were evaluated to understand the effect of thermal processing. The fracture surfaces of the alloys
from the tensile testing were evaluated to determine failure modes and behavior. Fatigue testing
was performed on the Ti Beta-C alloy to understand its behavior during cyclic loading. The
fracture surfaces from these tests were examined to determine the dynamic failure mode. The
importance of high quality, high strength biocompatible metals in the modern world cannot be
emphasized enough. Developing new alloys takes time and money, and it can be more
economically viable to repurpose existing grades of beta titanium, in the form of alloys like Ti
15-3-3-3, Ti SP-700 and Ti Beta-C, to be used as biometals.
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2. Literature Review
2.1.

Titanium and Titanium Alloys

Titanium was first noticed in an iron sand in 1791 by an amateur mineralogist and
clergymen Rev. William Gregor. Later that decade German chemist Martin Klaproth analyzed a
rutile ore and found an unknown oxide which he named titanium after the titans from Greek
mythology [7]. An economic way of producing pure titanium was not developed until 1937-1940
when William Kroll developed a process using titanium tetrachloride and magnesium in an inert
gas atmosphere [7]. The development of titanium and its alloys proceeded rapidly after the
second world war in both the US and USSR for military purposes. The addition of aluminum
increased strength, and with the addition of tin, the alpha alloy Ti 5Al-2.5Sn was developed for
high temperature applications. With the addition of molybdenum to stabilize the beta phase, the
alpha beta alloy Ti 7Al-4Mo was developed for high strength applications. The largest
breakthrough in alloy development came in 1954 when the alpha beta titanium alloy Ti 6Al-4V
was developed. Ti-6-4 combines excellent properties with good producibility and became, and
still is today, the most utilized titanium alloy [7].
The crystal structure of commercially pure titanium (CP titanium) is a hexagonal closepacked structure (hcp). Titanium undergoes an allotropic phase change at 882 ºC transforming
from hcp to the body center cubic structure [7]. From 882 ºC to the melting point, titanium is in
the beta phase and below 882 ºC it is in the alpha phase. The transition from alpha to beta phase
is very dependent on the purity of the titanium. With the addition of alpha and beta stabilizing
elements, the transition temperature can be moved up or down. The addition of beta stabilizers
will lower the transition temperature while the addition of alpha stabilizers will increase the
transition temperature.
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Alpha titanium alloys consist of any low temperature titanium alloy that has the hcp
crystal structure. Alpha titanium alloys can have substantial amounts of substitutional alloying
elements including aluminum and tin as well as interstitial alloying elements such as oxygen,
carbon and nitrogen dissolved in the hcp crystal structure. Alpha titanium alloys can also have
small amounts of elements that do not dissolve into the crystal matrix, such as iron, vanadium
and molybdenum [7]. Alpha titanium alloys have the best corrosion resistance and the best
weldability when compared to alpha + beta and beta titanium alloys. This has led to alpha
titanium alloys being used for chemical handling, heat exchangers and piping applications [7].
Alpha + beta titanium alloys consist of alloys that exhibit a grain structure with both
alpha and beta phases present. The alpha + beta titanium alloys can be described by three
different types of microstructures, fully lamellar, bi-modal and fully equiaxed microstructure [7].
These different microstructures provide different mechanical properties. In order for these three
different microstructures to form the temperature, time and cooling rate must be carefully
controlled during the relevant heat treatment steps.
Beta titanium alloys form a metastable beta phase upon quenching from the beta transus
temperature. Due to the metastable beta phase, the alpha phase can be precipitated, strengthening
the material. High strength levels can be achieved in beta titanium alloys by aging. During
precipitation the alpha particles preferentially precipitate along the beta grain boundaries [2, 710]. In beta titanium alloys with their wide range of alloying elements, the heat treatment cycles
are alloy specific. With highly stabilized beta alloys (alloys that contain large amounts of beta
stabilizing elements) it can be hard to achieve the desired distribution of alpha phase in the beta
matrix with just one aging cycle. Due to the slow forming nature of the beta prime phase (which
is necessary for the even distribution of the alpha phase) during heating to the aging temperature,
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a lower temperature pre-age can be used to get a better distribution of alpha phase during the
normal aging process [2, 7]. The highly stabilized beta alloy Ti Beta-C, when processed with a
pre age, exhibits a much more uniform distribution of the alpha phase compared to single step
aging. [2, 7].

2.2.

Titanium 15-3-3-3, SP-700 and Beta-C

The alloy Ti 15-3-3-3 was developed for military aircraft applications. It has high
strength and good cold formability. The alloy composition is Ti with 15% V, 3% Al, 3% Cr and
3% Sn [4]. The elastic modulus of Ti 15-3-3-3 is 103 GPa [11]. The alloy Ti SP-700 was
developed to improve hot workability and mechanical properties over the alloy Ti-6-4. The alloy
composition is Ti with 4.5% Al, 3% V, 2% Mo and 2% Fe and provides good hardenability and
fatigue strength [5]. The elastic modulus of Ti SP-700 is 110 GPa [12]. The alloy Ti Beta-C was
developed to replace the alloy Ti 13-11-3. Ti Beta-C had better melting characteristics than 1311-3. Beta-C also shows excellent resistance to corrosion by reducing acids and chloride. The
alloy composition is Ti with 3% Al, 8% V, 6% Cr, 4% Mo and 4% Zr [6]. The elastic modulus of
Ti Beta-C is 103 GPa.

2.3.

Thermal Processing

Thermal processing is the practice of using heat, thermal energy, to effect the mechanical
properties of a material, usually a metal. When heat treating titanium several types of heat
treatment should be evaluated based on the mechanical requirements of the desired parts. The
first heat treatments to consider after a titanium part has been fabricated are stress relieving and
annealing. Stress relieving is not necessary when annealing is used to relieve stress. The purpose
of stress relieving is, as the name implies, to reduce the residual stresses developed during the
manufacturing processes [13]. Annealing produces an optimal mixture of ductility, machinability
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and stability [13]. Once a part has been stress relieved or annealed or both, another heat
treatment, solutionizing and aging, is used to increase the strength of the part [13].
2.3.1. Annealing
Since annealing was part of all titanium heat treatment cycles performed in the current
study, the addition of a stress relieving step was not necessary. Annealing in titanium and its
alloys produces increased fracture toughness, ductility, dimensional and thermal stability and
creep resistance [13]. Several different types of annealing exist and were utilized for the heat
treatments of the titanium alloys evaluated in the current work. The types of annealing performed
during the current study included mill annealing, recrystallization annealing and beta annealing.
Duplex annealing is another type of annealing process, in which two separate anneals are
conducted one after another, at different temperatures. There was no need for the duplex
annealing process in this research. Mill annealing is a general purpose anneal that does not fully
anneal heavily cold or hot worked parts. Recrystallization annealing increases fracture
toughness. This type of annealing is performed toward the upper end of the alpha beta transition
temperature range and then cooled slowly. Beta annealing also improves fracture toughness but
is performed above the alpha beta transition temperature. The annealing temperature should be
only slightly higher than the beta transus temperature for a specific alloy [13].
2.3.2. Solutionizing and Aging
The purpose of solutionizing and aging is to increase the strength and toughness of an
alloy. In titanium alloys this heat treatment is used on α-β or β alloys where the unstable beta
phase can decompose and allow for the precipitation of the alpha phase. During the solutionizing
process the alloy is heated to above the beta transus temperature which allows for a greater ratio
of the beta phase to the alpha phase [13]. The cooling rate from the solutionizing temperature is
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of some importance. If cooled to slowly diffusion may occur and prevent the decomposition of
the beta phase from providing effective strengthening [13]. Because beta titanium alloys are high
in beta stabilizers, most beta alloys can be air cooled from the solutionizing temperature. During
the final heat treatment process, aging, the alloy is heated between 425 and 650 ºC and held for a
certain period of time. The aging time and temperature is alloy specific.

2.4.

Microstructure in Beta Phase Titanium Alloys

Understanding the mechanisms involved in the microstructure of titanium alloys is a key
factor in improving its mechanical properties. When working with beta titanium alloys, the study
of the age hardened microstructure is important. Being able to achieve an even distribution of
alpha phase in the beta phase matrix during aging is vital to get the optimal properties out of a
beta titanium alloy. From observing the microstructure at different steps during the heat
treatment process, an understanding of what causes the precipitation and growth of the alpha
phase has been developed. For highly stabilized beta alloys, such as Ti 15-3-3-3 and Beta-C, the
beta annealed condition is the most commonly utilized microstructure. For high strength beta
titanium alloys the age hardened condition is more common. When aged the alpha phase
preferentially precipitates at the beta grain boundaries. The alpha phase forms a continuous alpha
layer from the grain boundary on out. Controlling the precipitation of the alpha phase is a major
challenge when aging titanium alloys. Recent studies have shown that duplex aging can help
control the precipitation of the alpha phase [7, 10, 14, 15]. The difference in strength between the
continuous alpha layer and the softer beta matrix cause undesirable mechanical properties [7].

2.5.

Tensile Testing

The main focus of tensile testing is to determine the materials tensile strength and
produce a stress strain curve. A materials stress is determined by dividing the applied force by
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the test specimen’s minimum cross sectional area. The strain is determined by dividing the
change in length of a central portion of the sample, with a constant cross sectional area, by the
original length of the central portion. Tensile testing standards are set by ASTM E8/E8M. The
procedure utilized in the current work is based off the ASTM standard. When graphed stress
versus strain the resulting curve provides useful information on the materials mechanical
properties, including weather it is ductile or brittle and even insight to its micro mechanisms. The
stress strain curve also provides a materials Young’s modulus. The Young’s modulus, or elastic
modulus, is an important material characteristic that can be used to compare and classify a
material [16]. Further analysis of the fracture surface from a tensile test sample, using optical and
SEM microscopy, can provide valuable information on how the material failed.

2.6.

Fatigue Testing

During fatigue testing a sample is exposed to rapid cyclical loading in order to replicate
normal loading and unloading over a long period of time. The ASTM standard E606/E606M sets
test procedures for strain controlled fatigue testing. The fracture behavior of titanium and
titanium alloys is influenced by both metallurgical and environmental factors [17]. These factors
include chemistry, environment, texture, loading and microstructure. The microstructure has a
large impact on the alloys mechanical behavior. For beta titanium alloys the important
microstructural characteristics are beta grain size, degree of age hardening and precipitate free
regions in the solute rich alloys (Beta-C) [17]. While the environment (air) effects the fatigue
crack growth of CP titanium, near alpha and alpha beta titanium alloys, it has a negligible effect
on beta titanium alloys. The temperature also effects the fatigue crack growth (FCG). The FCG
rate will be higher at elevated temperatures and the alloy will be more likely to react with the
environment at elevated temperature [17]. Through fatigue testing the dynamic fracture modes of
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a material are studied. The initial crack formation and propagation until failure is observed and
evaluated.

2.7.

Fractography

“Analyzing failures is a critical process in determining the physic root causes of
problems. The process is complex, draws upon many different technical disciplines, and uses a
variety of observation, inspection and laboratory techniques.” [18] The failure analysis
performed in the current study was done using a scanning electron microscope (SEM). The two
methods that are explored in this work are tensile overload associated with failure during tensile
testing and fatigue fracture from the samples that underwent fatigue testing.
In general there are two types of failure modes when performing failure analysis on
tensile samples, either ductile or brittle failure occurs. The facture surface appearance depends
on the materials microstructure and the testing conditions. The type of material also effects the
facture surface [18, 19]. A ductile failure surface has a distinctive fibrous or honeycomb
appearance, while the surface of a brittle failure is much more smooth or bright. The direction of
the failure surface with regards to the applied load also indicates the manner in which a sample
failed, such as tensile overload, shear or torsion failures [18, 19].
The fracture surface of a material that failed due to fatigue will have two distinct regions.
The first region is the crack propagation zone, where the crack is growing. The second region is
the final overload region where the material suddenly fails catastrophically [18, 19]. Because the
crack propagation region shows little plastic deformation and the sudden overload region has
almost no plastic deformation, the fracture surface of a part that has failed due to fatigue has little
or no plastic deformation. The presence of beach marks or conchoidal marks provides good
evidence of a fatigue failure [18, 19].
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2.8.

Biomedical Applications of Beta Phase Titanium Alloys

Titanium is sought after as a biomaterial due to its superior strength to weight ratio, when
compared to stainless steel or cobalt chromium, its excellent corrosion resistance and its
biocompatibility [14, 15, 20-22]. Titanium is also favored because it has a much lower elastic
modulus compared to that of stainless steel or cobalt chromium; however the modulus is still
much larger than the elastic modulus of bone (30 GPa) [3, 23, 24]. Beta phase titanium has the
lowest elastic modulus of the titanium alloys and therefore is the most desirable when trying to
reduce stress shielding between an implant and bone. Stress shielding is when a nonhomogenous stress transfer occurs between the bone and an implant material. This nonhomogenous stress transfer causes the bone to wear and loosens the implant. Implant materials
with Young’s moduli that are closer to the Young’s moduli of bone favor homogenous stress
transfer between the bone and implant, which in turn reduces the wear on the bone [3]. Some
concerns have been raised with regards to beta titanium alloys stabilized with vanadium because
vanadium is toxic to the human body. Beta titanium alloys without vanadium exhibit all the same
desirable properties required for a good biomaterial [25-27]. Titanium does have several
disadvantages when being used as an implant material. It has a relatively low shear strength, it
has poor wear resistance and it is expensive to process and fabricate [1]. Beta titanium has
improved resistance to fatigue, wear and abrasion over alpha and alpha beta titanium alloys,
making it a more desirable biometal [25, 28].
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3. Experimental Methods and Materials
3.1.

Materials

The materials used in this research were beta phase titanium alloys. Three different beta
phase titanium alloys were used, Ti 15-3-3-3, Ti SP-700 and Ti Beta-C. The Ti 15-3-3-3 and Ti
SP-700 alloys were in sheet metal form, 1.28 mm and 2.78 mm thick respectively. The Ti Beta-C
alloy was in rod form, 19.05 mm in diameter. The alloy composition of Ti 15-3-3-3 is Ti with
15% V, 3% Al, 3% Cr and 3% Sn [4]. The elastic modulus of Ti 15-3-3-3 is 103 GPa [11]. The
alloy composition of Ti SP-700 is Ti with 4.5% Al, 3% V, 2% Mo and 2% Fe [5]. The elastic
modulus of Ti SP-700 is 110 GPa [12]. The alloy composition of Ti Beta-C is Ti with 3% Al, 8%
V, 6% Cr, 4% Mo and 4% Zr. The elastic modulus of Ti Beta-C is 103 GPa [6].

3.2.

Heat treatment

A heat treatment regimen was developed for each of the three titanium alloys. The heat
treatments were developed using volume four, Heat Treating, of the ASM Handbook [13] and
Heat Treater's Guide: Practices and Procedures for Nonferrous Alloys edited by Harry Chandler
[29]. For the heat treatments presented in this research a Thermo Scientific Thermolyne furnace
with a ε Eurotherm 2416 controller was used. The temperature was monitored with a HH11A Ω
omega thermocouple.
The annealing temperature for the Ti 15-3-3-3 samples was 800 ºC. The annealing and
solutionizing temperature and treatment times were the same, so the annealing and solution
treatments were carried out in a single step for the Ti 15-3-3-3 samples. Once the furnace was
heated to 800 ºC, five Ti 15-3-3-3 samples were places in the furnace and allowed to soak for 15
minutes. Once the Ti 15-3-3-3 samples had been annealed and solutionized they were taken out
of the furnace and allowed to air cool on ceramic risers. This process was repeated with another
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five samples of Ti 15-3-3-3. Once all the Ti 15-3-3-3 samples were annealed and solutionized,
two samples were taken for each of the aging temperatures. The furnace was heated to the
specific aging temperatures, 510, 550 and 590 ºC, and two Ti 15-3-3-3 samples were placed in
the furnace and aged for 24 hours. Two different Ti 15-3-3-3 samples were aged at each of the
indicated aging temperatures. Once done the samples were removed and allowed to air cool on
ceramic risers. All the conditions for the heat treatment cycle of the Ti 15-3-3-3, including
process, temperature, time and cooling method, are provided in Table I.
Table I: Heat treatment cycle for the 1st set of the Ti 15-3-3-3 samples.

Ti 15-3-3-3
Temperature (°C )
Annealing
Solution Treatment
Aging

800
800
510
550
590

Time (hr) Cooling Method
0.25
0.25
24
24
24

Air
Air
Air
Air
Air

The conditions of the heat treatment cycle for the 1st set of Ti SP-700 samples are provided in
Table II. Again, the annealing and solution treatment conditions were the same. The annealing
and solutionizing were carried out in a single step. The furnace was heated to 825 ºC, the
temperature was checked with a thermocouple. Five Ti SP-700 tensile samples were placed in
the furnace and allowed to soak for 1 hour. After the annealing/solutionizing the samples were
removed and allowed to air cool on ceramic risers. This was repeated with another five samples
of Ti SP-700. After the annealing/solutionizing was completed six annealed/solutionized samples
were taken and aged, two samples for each of the three aging temperatures in Table II. The
furnace was heated to the indicated aging temperatures (Table II) and two samples were aged for
six hours at each indicated temperature. After the samples had aged for six hours at temperature,
the samples were removed and allowed to air cool on the ceramic risers.
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Table II: Heat treatment cycle for the 1st set of the Ti SP-700 samples.

Ti Sp-700
Temperature (°C )
Annealing
Solution Treatment
Aging

825
825
450
525
600

Time (hr) Cooling Method
1
1
6
6
6

Air
Air
Air
Air
Air

The conditions of the heat treatment cycle for the Ti Beta-C tensile samples are provided
in Table III. The Beta-C samples were annealed at 800 ºC for 30 minutes and air cooled on
ceramic risers. Four Beta-C samples were run at one time. Eight Beta-C samples in total were
annealed. The six Beta-C samples that were to be aged were solutionized at 850 ºC for 1 hour
and then water quenched. After the six Beta-C samples were solutionized, two were aged at each
temperature indicated in Table III. The furnace was heated to each of the indicated temperatures
and two Beta-C samples were aged for 24 hours and then allowed to air cool on ceramic risers.
Table III: Heat treatment cycle for the Ti Beta-C tensile samples.

Beta-C
Temperature (°C )
Annealing
Solution Treatment
Aging

800
850
455
495
540

Time (hr) Cooling Method
0.5
1
24
24
24

Air
water
Air
Air
Air

The conditions of the heat treatment cycle for the 2nd set of Ti 15-3-3-3 samples are
provided in Table IV. The 2nd set of Ti 15-3-3-3 samples were annealed/solutionized the same as
the 1st set of Ti 15-3-3-3 samples. The 2nd set of Ti 15-3-3-3 samples were aged at three different
aging temperatures. This allowed for a more complete aging profile. Only four samples were
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utilized during the 2nd heat treatment cycle, one for the annealed condition and three for the
different aging temperatures.
Table IV: Heat treatment cycle for the 2nd set of Ti 15-3-3-3 tensile samples.

Ti 15-3-3-3
Temperature (°C )
Annealing
Solution Treatment
Aging

800
800
450
515
625

Time (hr) Cooling Method
0.25
0.25
24
24
24

Air
Air
Air
Air
Air

The conditions of the heat treatment cycle for the 2nd set of Ti SP-700 samples are
provided in Table V. The annealing and solutionizing temperatures and times for the 2nd set of Ti
SP-700 samples were adjusted from the 1st set to give better ductility in the annealed condition.
The 1st set of Ti SP-700 samples were treated with a recrystallization anneal, while the 2nd set
was treated with a mill anneal. The samples in the 2nd set were annealed at 700 ºC for 1 hours
and then air cooled on the ceramic risers. The three samples that were to be aged were
solutionized at 800 ºC for 45 minutes and air cooled on the ceramic risers. The furnace was then
heated to each of the three aging temperatures indicated in Table V. One sample was then aged
for six hours at the indicated temperature and allowed to air cool on the ceramic risers.
Table V: Heat treatment cycle for the 2 nd set of Ti SP-700 tensile samples.

Ti Sp-700
Temperature (°C )
Annealing
Solution Treatment
Aging

700
800
420
485
630

Time (hr) Cooling Method
1
0.75
6
6
6

Air
Air
Air
Air
Air
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The conditions of the heat treatment cycle for the Ti Beta-C fatigue samples are provided
in Table VI. The heat treatment process for the fatigue samples was the exact same as the heat
treatment cycle applied to the tensile samples. The only difference is that the fatigue samples
have a continuous radius reduced section while the tensile samples do not.
Table VI: Heat treatment cycle for the Ti Beta-C fatigue samples.

Beta-C
Temperature (°C )
Annealing
Solution Treatment
Aging

3.3.

800
850
455
495
540

Time (hr)
0.5
1
24
24
24

Cooling Method
Air
water
Air
Air
Air

Tensile Testing

The tensile testing for all of the Ti specimens was performed on a MTS Landmark
servohydraulic Test System, Figure 1. The data collection speed was 10 Hz and the test speed
was 0.042 mm per second. Tensile testing followed the ASTM standard E8/E8M.
Figure 2 is a schematic drawing of the Ti 15-3-3-3 and Ti SP-700 tensile test specimens.
The tensile specimens for the Ti 15-3-3-3 and the SP-700 had the same dimensions, as shown in
Figure 3, except for thickness. The Ti 15-3-3-3 tensile samples were 1.28 mm thick, while the Ti
SP-700 tensile samples were 2.78 mm thick. The tensile specimens were placed in the grips of
the test system and securely clamped into place. For the Ti 15-3-3-3 the grip pressure was 800
psi. Once the sample was secure in the machine, the test was started. The computer recorded the
stress and strain values during the test every 0.1 seconds (10 Hz). The test was set to run until the
tensile sample broke. This process was done exactly the same for the Ti SP-700 tensile samples
except with a grip pressure of 1200 psi. Figure 4 is a schematic drawing of the Ti Beta-C tensile
specimen. Round bars of Ti Beta-C (Figure 5) were used for tensile testing. Round bars of Ti
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Beta-C, as opposed to flat plate, were chosen so that fatigue tests could be performed on the Ti
Beta-C alloy. The diameter of the reduced section of the Ti Beta-C specimen was 8.89 mm. The
grip pressure for the Ti Beta-C samples was 1200 psi. The testing procedure for all three Ti
alloys was the same.

Figure 1: MTS Landmark Servohydraulic Test System used to perform tensile testing.
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Figure 2: Schematic of the flat Ti 15-3-3-3 and SP-700 tensile specimens.

Figure 3: Ti 15-3-3-3 and Ti SP-700 tensile samples.

Figure 4: Schematic of the round Ti Beta-C tensile specimen.
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Figure 5: Ti Beta-C tensile specimens with strain gauges attached.

3.4.

Fatigue Testing

The fatigue tests performed on the Ti Beta-C samples were done using a Systems
Integrators L.L.C. Model RBF-200 rotating beam fatigue testing machine, Figure 6. The shaft is
driven through a 100:1 gear ratio, so two zeros must be added to the cycle counter reading
(Figure 7) to obtain the actual amount of cycles experienced by the test specimen. The speed of
the test machine ranges from 500 to 10,000 cycles per minute. The load applied to the test
specimen is adjusted by moving the poise weight along the moment beam located on the
underneath of the testing machine. The moment is determined by the equation M = 0.0982 SD3,
where S equals the desired bending stress level in psi and D is the diameter of the specimen at
the minimum cross section in inches [30].
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Figure 6: Model RBF-200 rotating beam fatigue testing machine.

Figure 7: Speed control knob and cycle counter.

Five samples of Ti Beta-C were prepared for each of three heat treatment options. The
three heat treatment cycles chosen were the annealed condition, Beta-C aged at 455 ºC and BetaC aged at 495 ºC. The round Ti Beta- C specimens (Figure 8) were CNC machined to the desired
dimensions, Figure 9. Once prepared a test specimen was inserted into the driving end of the
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testing machine and tightly secured in place. Then the free arm of the machine was secured onto
the test specimen. Once the specimen was properly secured, the machine was brought up to a
speed of 6000 cpm. At this point the poise weight is moved to the desire bending moment and
secured in place. Once the load is secured, the cycle counter should be reset as quickly as
possible. When a sample breaks, the free arm of the test machine falls and trips a switch that
shuts off the motor. For each test specimen the applied load and the number of cycles until
failure was recorded. If a sample endured more than ten million cycles the test was stopped and it
was considered that the load was under the endurance limit.

Figure 8: Ti Beta-C fatigue sample.

Figure 9: Schematic drawing of the Ti Beta-C fatigue sample.
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3.5.

Hardness Measurement

The hardness of the Ti alloy samples was measured to determine the effect of the aging
process on the materials hardness. The samples were tested using a Tinius Olsen FH-1 hardness
testing machine. The hardness was measured for all three alloys in Rockwell hardness C scale
(HRC). Hardness measurements were taken for each of the aging conditions, as well as the
annealed condition for each alloy. Multiple hardness measurements were taken on each sample.
The average of these values are presented as sample hardness in the results and discussion,
section 4.3.

3.6.

Optical Microscopy

A microstructural analysis was conducted on selected Ti alloy samples to better
understand the mechanism at work strengthening the alloys during heat treatment. A Leica
DM750P optical microscope, paired with Leica application suite software was used to study the
microstructure of the Ti samples. After the Ti samples were tensile tested, sections of the Ti
samples were cut and mounted in phenolic thermosetting molds. The samples were polished
using 240, 320, 400 and 600 grit sandpaper on MetLab METPOL-2V grinding/polishing
machines. After the samples had been polished using the 600 grit paper, they were polished
using felt cloth and 15 µm, 5 µm and 1 µm alumina solution. Once polished the samples were
etched with Kroll’s Reagent. Kroll’s Reagent consists of 2% hydrofluoric acid, 6% nitric acid
and 92% distilled water. The Ti samples were etched with Kroll’s Reagent for between 20 and
50 seconds. Once etched the grain structure of the sample was studied under the optical
microscope.
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3.7.

SEM Fracture Analysis

3.7.1. Tensile Sample Fracture Analysis
After the tensile samples had failed during testing, the failure surfaces of the tested
samples were examined using a LEO 1430VP scanning electron microscope. The failure surface
of the samples was examined using the secondary electron detector at 500 and 1000 times
magnification. The Ti SP-700 and Ti 15-3-3-3 samples were examined at the same time. The
samples were all placed on a single stage. SEM photomicrographs were taken at the edge of the
sample, the central portion of the sample and at the opposite edge of the sample. The SEM is
well suited for examining the fracture surfaces of failed samples because it provides a detailed
view of the surface and a much better depth of field than optical microscopy.
3.7.2. Fatigue Sample Fracture Analysis
After the Ti Beta-C fatigue samples failed, one sample from each heat treatment was
selected for dynamic fracture analysis. The samples were placed on the viewing stage using a
conductive tape. The samples fracture surfaces were analyzed using the LEO 1430VP scanning
electron microscope. The secondary electron detector was also used for the dynamic fracture
analysis. Photomicrographs were obtained for the entire surface of each of the samples. SEM
photomicrographs of the initiation point, striations and chevron markers were taken for each
sample.
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4. Results and Discussion
4.1.

Tensile Properties

The heat treated samples of Ti 15-3-3-3, SP-700 and Beta-C were tested for tensile
strength using a MTS Landmark servohydraulic test system. The results from these tests are
presented graphically in the following sections.
4.1.1. Ti 15-3-3-3 Alloy
The Ti 15-3-3-3 samples from the 1st set consisted of an annealed sample and three aged
samples. Aged samples were heat treated at 510, 550 and 590 ºC for 24 hours each. In Figure 10
the stress strain curves for the 1st four Ti 15-3-3-3 samples are presented. In the graph legend,
AG indicates that the samples was aged at a particular temperature, for example, AG590 would
indicate that the sample was aged at 590 ºC.

Ti 15-3-3-3 1st Set
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AG590

AG550

AG510

Annealed

Figure 10: Stress strain curves for the 1st set of the Ti 15-3-3-3 tensile samples.

The first set of Ti 15-3-3-3 samples saw good strength increases, 772 MPa (annealed) to
1169 MPa (AG510), with an expected corresponding decrease in ductility, 34% elongation to
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12% elongation. Aging the sample at 510 ºC provided the best strength increase with the lowest
ductility of the four samples treated with the first set of heat treatment conditions.
In the second set (Figure 11) the samples were aged at 450, 515 and 625 ºC. The sample
aged at 450 ºC exhibited the best strength out of all the Ti 15-3-3-3 samples, 1334 MPa. As the
aging temperature was increased the strength decreased while ductility increased. Figures 12 and
13 highlight this trend.
Note that the sample aged at 625 ºC shows a slight increase in strength as well as an
increase in ductility. When evaluating this alloy as a biomaterial, the ideal heat treatment would
be in the range of 550 ºC. At this temperature the strength increased from just below 800 MPa to
998 MPa, and the material still has good ductility, ~23% elongation.
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Figure 11: Stress strain curves for the 2nd set of the Ti 15-3-3-3 tensile samples.
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Ti 15-3-3-3 Combined
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Figure 12: Stress strain curves for both sets of the Ti 15-3-3-3 samples.
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Figure 13: Ultimate tensile strength for the Ti 15-3-3-3 samples.

The most desirable properties of titanium as a biometal are excellent corrosion resistance,
biocompatibility and ductility. So increasing the strength of Ti 15-3-3-3 but losing most of its
ductility is not desirable when it will be used as a biometal. The current strength range for
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titanium used in the biomaterials field is between 300 and 700 MPa. With the strength of the Ti6-4 alloy ranging from 860 to 1140 MPa, but having an elastic modulus of 120 GPa [1]. The Ti
15-3-3-3 sample AG550 had a tensile strength of nearly 1000 MPa combined with excellent
ductility (~ 23% elongation). Out of the Ti 15-3-3-3 samples, AG550 exhibits the best balance of
mechanical properties desired for a biometal. This sample provides the same tensile strength as
stainless steel, the Ti-6-4 alloy and most cobalt-chromium alloys but with an elastic modulus that
is 103 GPa, which is half that of cobalt-chromium and stainless steel, and notably less than Ti-64 [1].
4.1.2. Ti SP-700 Alloy
The first set of the Ti SP-700 samples were annealed and solutionized at 825 ºC for 1
hour. This annealed condition produced a good strength of 978 MPa and showed the best
ductility of the Ti SP-700 samples from the 1st set (~13% elongation). Figure 14 contains the
stress strain curves from the 1st set of the Ti SP-700 samples. The first aging temperature, 450 º
C, resulted in a reduction in strength and virtually no ductility (less than 4% elongation). The age
at 525 ºC exhibited a significant increase in strength (978 MPa to 1168 MPa) with a large
reduction in ductility (13% to 5% elongation). The Ti SP-700 sample aged at 600 ºC had a
strength of 1142 MPa, while retaining better ductility than AG525 (~10% elongation compared
to 5% elongation).
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Figure 14: Stress strain curves for the 1st set of Ti SP-700 tensile samples.

In the second set of heat treatments for the Ti SP-700 samples the annealed and the
solutionizing conditions were changed. The annealing temperature was lowered to 700 ºC for 1
hour and the solutionizing temperature was lowered to 800 ºC for 45 minutes. The annealed
condition in the 2nd set provided a slight increase in strength and a significant increase in
ductility over the annealed condition of the 1st set for the Ti SP-700 samples. Figure 15 contains
the stress strain curves for the 2nd set of the Ti SP-700 samples. Once again the low temperature
age, AG420 yielded low strength and almost no ductility (less than 5% elongation). The medium
temperature age, AG485, provide a small increase in strength (1031 MPa to 1093 MPa) with a
significant decrease in ductility (27% to 5% elongation). And the high temperature age, AG630,
provided no increase or decrease in strength over the annealed condition but did exhibit a slight
increase in ductility (27% to 30% elongation).
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In Figure 16 the UTS values for all the Ti SP-700 samples are graphed. Excluding the
annealed samples the UTS values show a bell curve trend with the maximum strength being
obtained for the sample aged at 525 ºC.
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Figure 15: Stress strain curves for the 2nd set of Ti SP-700 tensile samples.
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Figure 16: Ultimate tensile strength for the Ti SP-700 tensile samples.
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Due to the reduced ductility of the aged samples from the Ti SP-700 samples, the best
heat treatment for biomedical applications would be the mill annealed condition from the 2nd set
[29]. The annealed condition from the 2nd sample set provided good strength, over 1000 MPa and
has excellent ductility (~27% elongation). While Ti SP-700 has a higher elastic modulus than
either 15-3-3-3 or Beta-C, it still has a lower modulus than Ti-6-4 (110 GPa vs. 114 GPa) [1].
4.1.3. Ti Beta-C Alloy
Only one test matrix was conducted using the Ti Beta-C samples. Two samples were
tested at each heat treatment condition. Samples were annealed at 800 ºC for 30 minutes and
solutionized at 850 ºC for 1 hour. Stress strain curves and UTS values for the Ti Beta-C samples
are provided in Figure 17 and Figure 18 respectively. Samples AG455 and AG495 yielded
similar strength increases but AG455 exhibited better ductility (~23% compared to ~19%
elongation). AG540 showed no measurable increase in strength but did show a decrease in
ductility (37% to 27% elongation).
While the Beta-C sample AG455 had good strength, 964 MPa, and excellent ductility
(~23% elongation), because a multi-step aging cycle will produce a better microstructure and
therefore higher strength, it is recommended that further research be performed before a thermal
processing cycle is chosen for the Ti Beta-C alloy for biomedical applications.
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Figure 17: Stress strain curves for the Ti Beta-C tensile samples.
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Figure 18: Ultimate tensile strength for the Ti Beta-C tensile samples.
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4.1.4. Ti Sample Comparison
Figure 19 compares the tensile strength change from the annealed condition to the
maximum tensile strength achieved during heat treatment for each individual alloy, and for the
1st and 2nd set of the Ti SP-700 alloy. Ti Beta-C exhibited a marginal increase in strength, with an
increase of approximately 90 MPa. The first set of Ti SP-700 exhibited an increase of
approximately 190 MPa. While the 2nd set of Ti SP-700 exhibited an increase of only 60 MPa.
This small increase in strength is not a failure in the heat treatment. The optimal aging
temperature was not reached during the 2nd Ti SP-700 sample set. The increase in tensile strength
(562 MPa) in the Ti 15-3-3-3 samples was significantly greater than the other alloy systems.
The Ti 15-3-3-3 sample AG550 and the SP-700 mill annealed sample from the 2nd set
both provided excellent mechanical properties for biomedical applications such as bone and joint
replacement, fracture fixation plates and dental implants [1]. While the Ti Beta-C sample
AG455 has the required mechanical properties for a good biometal, it can be significantly
improved by using a duplex aging process [7].
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Figure 19: Strength comparison between annealed and max UTS achieved for all sets of Ti tensile samples
(SP-700 1 and SP-700 2 have different annealing conditions).
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The current commercially pure titanium, alpha beat alloy Ti-6-4 and beta titanium alloys
have standard acceptable mechanical properties for their biomedical applications. Biomedical
grades of commercially pure titanium have a Young’s modulus of 110 GPa, a UTS of 300-740
MPa and a minimum percent elongation of 15% [1]. The alpha beta alloy Ti-6-4 has a Young’s
modulus of 110 GPa, a UTS of 930 MPa and a minimum percent elongation of 15% [1]. The Ti
beta alloy Ti-13Nb-13Zr (ASTM Spec. F1713) has a Young’s Modulus of 81 GPa, a UTS of
1000 MPa and a minimum percent elongation of 16% [1]. The titanium Beta-C alloy aged at 455
ºC has a Young’s modulus of 103 GPa, a UTS of 964 MPa and a percent elongation of 23%. The
titanium SP-700 annealed during the second set of samples has a Young’s modulus of 110 GPa,
a UTS of ~1000 MPa and a percent elongation of 27%. The titanium 15-3-3-3 alloy aged at 550
ºC has a Young’s modulus of 103 GPa, a UTS of ~1000 MPa and a percent elongation of 23%.
The three alloys evaluated during the current work, match or exceed the mechanical properties of
current Ti and Ti alloys used for biomedical applications. The Young’s modulus of the three
alloys evaluated are higher than those of current beta phase titanium alloys used for biomedical
applications. However, the three alloys evaluated also have greater ductility than most current
beta phase titanium alloys in the biomedical field.

4.2.

Fatigue Analysis

The fatigue samples of Ti Beta-C were tested using a Systems Integrators L.L.C. Model
RBF-200 rotating beam fatigue testing machine. The S-N curves generated from the collected
data are presented in Figures 20, 21 and 22. Due to budgetary constraints only five samples of Ti
Beta-C were used for each of the three heat treatment conditions. This limits the degree of
accuracy that can be claimed for this data.
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Figure 20 provides the S-N curve for the Ti Beta-C samples in the annealed condition.
The tensile testing of the annealed Beta-C produced a UTS value of 878 MPa. The five annealed
samples were tested at 25%, 35%, 40%, 45% and 55% of the UTS value. When tested at 25%
and 35% the samples did not fail. The fatigue life of the annealed Beta-C material must be
between 35% and 40% of the UTS. Therefore, the fatigue limit for annealed Beta-C is between
307 MPa and 351 MPa.
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Figure 20: S-N curve for annealed Ti Beta-C samples. An arrow indicates a run out (the sample did not fail).

Figure 21 provides the S-N curve for Ti Beta-C aged at 455 ºC. The Ti Beta-C failed at
964 MPa during the tensile testing. The fatigue tests were performed at 50%, 45%, 43%, 41%
and 40% of the UTS. The samples failed at all of the stress levels from 50% to 41%. The sample
did not fail at 40% of the UTS. Therefore, the fatigue limit for this heat treatment of the Ti BetaC alloy is in-between 40% and 41% of the UTS or 390 MPa.
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S-N Curve for Beta-C Aged at 455 °C
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Figure 21: S-N curve for Ti Beta-C samples aged at 455 ºC. An arrow indicates a run out (the sample did not
fail).

The fatigue strength, at 107 cycles, of the Ti Beta-C sample AG455, which has the best
combination of mechanical properties, was 390 MPa. This value puts it in the lower range of
current titanium alloys used for biomedical applications. Commercially pure titanium has a
fatigue strength at 107 cycles that ranges from 200 to 430 MPa. The fatigue strength at 107 cycles
for Ti-6-4 ranges from 620-725 MPa [1]. The fatigue strength of Ti Beta-C will also be increased
if a duplex aging process is used instead of the single step aging process performed during the
current work.
Figure 22 provides the S-N curve for Ti Beta-C aged at 495 ºC. The Ti Beta-C failed at
967 MPa during the tensile testing. The fatigue tests were performed at 50%, 45%, 40%, 35%
and 30% of the UTS. The samples failed at 50% and 45% of UTS. The sample did not fail from
40% to 30% of the UTS. Therefore, the fatigue limit for this heat treatment of the Ti Beta-C
alloy is in-between 40% and 45% of the UTS or 387 to 435 MPa.
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Figure 22: S-N curve for Ti Beta-C samples aged at 495 ºC. An arrow indicates a run out (the sample did not
fail).

Titanium as a biometal is extensively use for structural applications in the body. It is used
in the stems of hip replacements, which due to the loading and unloading experienced during
walking and running, undergoes a large amount of cycles. Therefore a biometal used for
structural application in the body must have a good fatigue resistance [31-40]. In general beta
titanium alloys have a lower fatigue strength than alpha beta titanium alloys (300-600 MPa
compared to 300-816 MPa), but a higher fatigue strength than commercially pure titanium (200430 MPa) [1]. However, the alloy strength will increase with the use of a duplex aging cycle, so
the results from this work should not be used to define the Ti Beta-C alloys fatigue strength.

4.3.

Hardness Measurement

Figure 23 compares the hardness values in HRC for the Ti 15-3-3-3 samples. The
hardness increases with aging, which is to be expected. The lower temperature ages produced the
hardest samples. The hardness for the samples decreased as the aging temperature went up.
Figures 24 and 25 compare the hardness values for the Ti SP-700 and the Ti Beta-C,
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respectively. The same trend can be seen in each of these figures. The actual trend is that of a
bell curve, which is exhibited in the Ti Beta-C samples the best, and to some extent in the Ti SP700 samples. This trend would also be noticeable in the Ti 15-3-3-3 samples, however the Ti 153-3-3 were not aged at a low enough temperature to complete the left side of the bell curve.
Figure 26 compares the hardness values of all three alloys. Figure 26 also compares the hardness
increase between the annealed condition and the highest hardness achieved during aging for each
alloy.
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Figure 23: Hardness values (HRC) for the Ti 15-3-3-3 samples.
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Ti SP-700 Hardness
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Figure 24: Hardness values (HRC) for the Ti SP-700 samples.
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Figure 25: Hardness values (HRC) for the Ti Beta-C samples.
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Figure 26: Comparison in Hardness (HRC) between three annealed and aged Ti samples.

4.4.

Optical Microscopy

A Leica DM750P optical microscope, paired with Leica application suite software was
used to study the microstructure of the Ti samples. The sample were polished and then etched
with Kroll’s reagent. The samples were observed at 100x, 200x, 500x and 1000x magnification.
4.4.1. Ti 15-3-3-3 Alloy
The annealed Ti 15-3-3-3 sample exhibited large grains of beta phase titanium (Figure
27). The microstructure of the annealed Ti 15-3-3-3 does not contain any precipitates of the
alpha phase. Figures 28, 29 and 30 provide the aged grain structures of Ti 15-3-3-3 samples.
Each of these three figures exhibit a fully aged grain structure with crystals of the alpha structure
having precipitated into the beta phase grains.
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Figure 27: Grain structure for the annealed Ti 15-3-3-3 sample. Etched with Kroll’s Reagent.

The crystals of alpha in the AG510 sample are relatively small and evenly dispersed. This
fine grain structure of precipitated alpha is what gives AG510 its high strength [41-47]. Because
AG510 has a finer grain structure it yields a better strength than either AG550 or AG590, which
have larger crystals of the alpha phase precipitated throughout. It is evident that the size of the
alpha crystals increase with increasing aging temperature. The growth rate of the alpha phase
increases with the greater amount of solute available for the formation of the precipitate [48].
The samples aged at a higher aging temperature have a larger amount of solute available. The
crystals in AG550 (Figure 29) and AG590 (Figure 30) are noticeably larger than those in AG510.
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Figure 28: Grain structure for the Ti 15-3-3-3 sample aged at 510 ºC. Etched with Kroll’s Reagent.

Figure 29: Grain structure for the Ti 15-3-3-3 sample aged at 550 ºC. Etched with Kroll’s Reagent.
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Figure 30: Grain structure for the Ti 15-3-3-3 sample aged at 590 ºC. Etched with Kroll’s Reagent.

4.4.2. Ti SP-700 Alloy
Figures 31, 32, 33 and 34 provide the grain structures for the Ti SP-700 samples. The
titanium SP-700 samples have an extremely small grain size when compared to either the Ti 153-3-3 or the Ti Beta-C. While the average grain size for the annealed Ti 15-3-3-3 and Ti Beta-C
is around 50 µm, the average grain size of the Ti SP-700 is only 10 µm. This fine grain structure
gives Ti SP-700 a higher strength and toughness compared to the other two alloys when in the
annealed condition. The aged samples in Figure 33 and 34 exhibit a globular alpha phase in the
beta phase matrix. However the quality of the photos make this hard to confirm, especially in
Figure 34. The sample aged at 450 ºC (Figure 32) shows no noticeable change in grain structure
from the annealed condition. The aging temperature for Ti SP-700 AG450 was not sufficient to
nucleate and grow alpha precipitates.
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Figure 31: Grain structure for the 1st annealed Ti SP-700 sample. Etched with Kroll’s Reagent.

Figure 32: Grain structure for the Ti SP-700 sample aged at 450 ºC. Etched with Kroll’s Reagent.
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Figure 33: Grain structure for the Ti SP-700 sample aged at 525 ºC. Etched with Kroll’s Reagent.

Figure 34: Grain structure for the Ti SP-700 sample aged at 600 ºC. Etched with Kroll’s Reagent.
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The fine grain structure of Ti SP-700 increases the alloys strength and hardness but is not
detrimental to the toughness and ductility. This means that Ti SP-700 can have a better
combination of strength and toughness than Ti 15-3-3-3 or Beta-C, especially in the annealed
condition, making the annealed condition an excellent choice for biomedical applications.
4.4.3. Ti Beta-C Alloy
The grain structure of the annealed Ti Beta-C sample (Figure 35) exhibits an even
distribution of well-defined grains. The annealed condition contains no alpha precipitates. In
Figure 36, 37 and 38 note the precipitation of alpha particles along the grain boundaries. The Ti
Beta-C sample aged at 455 ºC (AG455) also has intragranular alpha precipitates. The incomplete
distribution of alpha particles throughout the grain structures of Ti Beta-C AG495 and AG540
was caused by preferential nucleation at the grain boundaries. This is the main reason that the
tensile strength of the samples did not increase as much as could be expected. To increase the
distribution of the alpha phase a duplex aging process is more effective. An initial low
temperature age to nucleate the beta prime phase throughout the beta matrix allows for the
homogenous growth of the alpha phase during the second higher temperature ageing cycle. The
nucleation rates are increased with an increase in free energy difference between the
supersaturated state (above the beta transus temperature) and the equilibrium state [48]. The low
temperature age promotes nucleation while the high temperature age facilitates precipitate
growth.
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Figure 35: Grain structure for the annealed Ti Beta-C sample. Etched with Kroll’s Reagent.

Figure 36: Grain structure for the Ti Beta-C sample aged at 455 ºC. Etched with Kroll’s Reagent.
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Figure 37: Grain structure for the Ti Beta-C sample aged at 495 ºC. Etched with Kroll’s Reagent.

Figure 38: Grain structure for the Ti Beta-C sample aged at 540 ºC. Etched with Kroll’s Reagent.
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The microstructures of these three titanium alloys indicate which thermal cycle will yield
the best properties. The microstructure of the Ti 15-3-3-3 sample AG550, which had the most
desirable combination of strength and ductility, has fine crystals of alpha that grew during the
aging process. It is proposed that these alpha crystals in the beta matrix provide the increase in
strength as wells as provide a more tortuous path for crack propagation, which increases the
alloys fracture toughness. A high strength and toughness (UTS of 1000 MPa and 23%
elongation) make this Ti 15-3-3-3 sample an excellent candidate for biomedical applications. It is
hypothesized that the extremely fine grain structure of Ti SP-700 provides good strength in the
alloy without negatively effecting the alloys toughness. Because of its fine structure, the
annealed condition provides sufficient strength and ductility for biomedical use (UTS of 1000
MPa and 27% elongation). The microstructure of the Ti Beta-C sample AG455, which yielded
the best mechanical properties, exhibited an incomplete precipitation of intragranular alpha
phase. The use of a duplex aging process will allow for a more complete nucleation of
intragranular beta prime phase, which facilitates the growth of the alpha phase in the beta matrix
during the second age of the duplex process [7]. This aging process will improve the tensile
strength (~1000 to ~1300 MPa) [13] and fatigue strength, as well as the fracture toughness of the
Ti Beta-C alloy [7].

4.5.

Fractography

The titanium samples were examined using a LEO 1430VP SEM at 500x and 1000x
magnification. The SEM was used to examine the fracture surface of the tensile and fatigue
samples.
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4.5.1. Fracture Analysis of Beta Phase Titanium Tensile Specimens
The samples tested in tension will either fail from ductile overload or a brittle failure
[19]. On a macro scale, a large amount of plastic deformation points to ductile failure, while little
or no visible plastic deformation points to a brittle failure. Macroscopic evaluation of the failed
sample is not sufficient to determine the failure mode of the specimen. Examining the samples, it
is evident from visible plastic deformation that the Ti 15-3-3-3 and Ti Beta-C failed from ductile
overload. Conversely, the Ti SP-700 exhibited very little ductile behavior for the aged samples.
However, microscopic evaluation of the Ti SP-700 alloy still provided evidence of a ductile
failure.
4.5.1.1.

Ti 15-3-3-3 Alloy

SEM photomicrographs of the Ti 15-3-3-3 samples fracture surfaces were taken to
determine the mode in which the samples failed. The fracture surfaces of the Ti 15-3-3-3 samples
(Figure 39) exhibit characteristics of ductile failure. The fibrous, honeycomb structure of all four
samples is indicative of a ductile failure [19]. The size and shape of the dimples change with the
ageing temperature of the samples. The dimples from the annealed Ti 15-3-3-3 sample (a) are
much larger than those on the aged Ti 15-3-3-3 samples fracture surfaces (b, c, and d).
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Figure 39: SEM micrographs of the Ti 15-3-3-3 samples, a: Annealed, b: AG510, c: AG550, d: AG590.

4.5.1.2.

Ti SP-700 Alloy

SEM photomicrographs of the Ti SP-700 samples fracture surfaces were acquired to
determine the mode in which the samples failed. From the micrographs presented in Figure 40 it
is evident that the Ti SP-700 samples failed in a ductile manner. The fibrous, honeycomb
structure exhibited by all four samples is indicative of a ductile failure [19].

50

a

b

c

d

Figure 40: SEM micrographs of the Ti SP-700 samples, a: Annealed, b: AG450, c: AG525, d: AG600.

4.5.1.3.

Ti Beta-C Alloy

SEM photomicrographs of the Ti Beta-C samples fracture surfaces were taken to
determine the mode in which the samples failed. From the photomicrographs, (Figure 41) it is
evident that the Ti Beta-C samples failed in a ductile manner. The fibrous, honeycomb structure
exhibited by all four samples is indicative of a ductile failure [19].
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Figure 41: SEM micrographs of the Ti Beta-C samples, a: Annealed, b: AG455, c: AG495, d: AG540.

All three of the examined titanium alloys failed in a ductile manner. In a biometal a
material that fails in a ductile manner is more desirable because it means that the material most
likely has a higher fracture toughness. A ductile fracture occurs over a period of time, while a
brittle fracture is fast and can occur at a low stress level. Materials with a better fracture
toughness will most likely experience a ductile failure. For a structural biomaterial, such as
titanium, this is very important [1].
4.5.2. Fracture Analysis of the Ti Beta-C Fatigue Samples
The Ti Beta-C samples tested under cyclic loading condition are expected to have
fracture surface characteristics typical of fatigue failure. The markers that point to a fatigue
failure are present in all of the Ti Beta-C samples tested. These markers include a crack initiation

52
site at the surface of the specimen, a shear lip where the sample experienced final overload
failure, striation marks and chevron marks [19].
4.5.2.1.

Beta-C Annealed

The fracture surface of the annealed Ti Beta-C fatigue sample was examined with the
SEM (Figure 42). The crack initiation site is circled in red and indicated with arrows. The crack
initiated at the bottom left of the sample and moved through the sample until the remaining
supporting material was not enough to support the loading cycle. KIC was reached for the crack
length, at this point, brittle overload occurred. The shear lip on the upper right of the sample is
the physical result of this sudden catastrophic failure.

Figure 42: Fracture surface of the Ti Beta-C Annealed fatigue sample. Arrows indicate the crack initiation
point.
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The initiation point is examined closer in Figure 43. The surface topography of the
fracture surface radiates out from this point. This along with the shear lip being opposite this
point makes this location the most likely place for the crack to have originated.

Figure 43: Crack initiation point for the Annealed Ti Beta-C sample.

In figure 44 striation marks are clearly visible. As each loading cycle further progresses
the crack growth, these lines are generated on the fracture surface. Striations form behind the
crack as it progresses and are regions of depressions and elevations [19]. These striations form
perpendicular to the direction in which the crack is propagating. In Figure 44, drawing a line
perpendicular to the striation marks would point back to the crack initiation site, further
demonstrating that the site indicated in Figure 43 is the point at which the crack initiated.
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Figure 44: Annealed Ti Beta-C sample showing striation marks.

The shear lip for the annealed Ti Beta-C sample is clearly present in Figure 45. The
difference in appearance between the crack propagation zone and the shear lip is quite distinct in
Figure 45. The brittle manner in which the final overload occurred is clearly apparent. Out of the
three fatigue sample examined, the annealed Ti Beta-C sample exhibits the most dramatic change
from crack propagation to catastrophic failure. The other two samples shear lips are not as
pronounced.
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Figure 45: The shear lip on the Annealed Ti Beta-C fatigue sample.

4.5.2.2.

Beta-C AG455

The facture surface of the Ti Beta-C sample AG455 (Figure 46) was examined with the
SEM. The crack initiated on the surface of the sample and is indicated in red at the upper left of
Figure 46. The shear lip, while less distinct than for the annealed sample is again across from the
crack initiation point. The fracture surface goes out of focus where the shear lip starts and slopes
off.
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Figure 46: Fracture surface of the Ti Beta-C AG455 fatigue sample. Arrows indicate the crack initiation
point.

In Figure 47 the crack initiation point for Ti Beta-C AG455 is examined at a higher
magnification. Once again fracture surface characteristics radiate out from this point. In Figure
48 chevron marks are present. Chevron marks are another indication of a fatigue fracture and
point to the crack initiation zone [19]. The chevron marks in Figure 48 point back to the crack
initiation zone, further supporting that the indicated region in Figure 47 is the crack initiation
point.
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Figure 47: Crack initiation point for the Ti Beta-C AG455 fatigue sample.

Figure 48: Chevron markers on the fracture surface of the Ti Beta-C AG455 sample.

58
4.5.2.3.

Beta-C AG495

The fracture surface of the Ti Beta-C AG495 fatigue sample (Figure 49) was examined
with the SEM. The crack initiation point is indicated in the lower right portion of the figure. The
crack propagated from the lower right edge and moved through the sample until it failed
catastrophically across from the crack initiation point. The shear lip is hard to see in this image
but it is located along the top left of the sample. When examining the failed samples with the
naked eye, the shear lips for all three Beta-C fatigue samples can easily be distinguished.

Figure 49: Fracture surface of the Ti Beta-C AG495 fatigue sample. Arrows indicate the crack initiation
point.

In Figure 50, the crack initiation point is indicated. It is apparent that the fracture surface
characteristics radiate out from this point. The striation marks in Figure 51 indicate that this is
definitely a fatigue fracture. The striation marks are also perpendicular to the direction of crack
growth further reinforcing that the crack initiation point is located as indicated in Figures 49 and
50.
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Figure 50: Crack initiation point for the Ti Beta-C AG495 fatigue sample.

Figure 51: Striation marks on the fracture surface of the Ti Beta-C AG495 fatigue sample.
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All three of the heat treatment conditions of the titanium Beta-C alloy evaluated after
they failed during fatigue testing show classical signs of fatigue. An initiation site, crack
propagation markers and a shear lip are present on all three samples. In the crack propagation
regions, striation marks or chevron marks are present and support the location of the crack
initiation site. The location of the shear lips also support the indicated crack initiation sites as
being correct.
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5. Future Work
After finishing this research several areas for further study are suggested. With regard to
the thermal processing of beta phase titanium, there are several ways to improve the results from
this study. When processing beta titanium thermally, hot working is suggested for optimal
mechanical properties. Performing hot working at the elevated temperatures required was not
feasible with the equipment available for this research. When heat treating beta titanium,
deforming the material above or below the beta transus temperature effects what type of
microstructure can be formed [7, 9].
With beta titanium alloys a more refined and desirable microstructure can be achieved
with a multi-step age. All the ages done in this work were single step ages. In a multi-step age,
an initial lower temperature age helps by precipitating the beta prime phase. In a single step age,
the beta prime phase, which grows slowly, doesn’t have sufficient time to grow throughout the
beta matrix. The addition of a low temperature initial age fixes that [2]. The high temperature
second aging step then uses the beta prime phase as nucleation sites for the alpha phase. The
resulting microstructure is much more refined and desirable. This type of aging works very well
with the Ti Beta-C alloy, and it is recommended that it be used for Beta-C in any future work [2,
7]. The tensile and fatigue test completed for the Ti Beta-C alloy should be revaluated after the
alloy has been heat treated using the two-step aging process.
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6. Summary & Conclusions
6.1.

Conclusions


The mechanical properties of titanium alloys Ti 15-3-3-3, Ti Beta-C and Ti SP700 can be tailored to match or exceed the mechanical properties of current
titanium biomedical alloys.



The fatigue strength at 107 cycles for the Ti Beta-C sample AG455 was around
390 MPa. This puts Beta-C at the lower end of beta titanium alloys (300-600
MPa) in regards to fatigue strength [1].



The microstructure of the Ti 15-3-3-3 sample AG550 has fine crystals of alpha
that grew during the aging process. It is proposed that these alpha crystals in the
beta matrix provide the increase in strength as wells as provide a more tortuous
path for crack propagation, which increases the alloys fracture toughness.



It is hypothesized that the extremely fine grain structure of the annealed Ti SP700 sample provides good strength (1000 MPa) in the alloy without negatively
effecting the alloys toughness.



The microstructure of the Ti Beta-C sample AG455, exhibits an incomplete
precipitation of intragranular alpha phase in the beta matrix, in contrast to
previous studies where a duplex aging process yielded a complete precipitation of
intragranular alpha phase in the titanium Beta-C alloy [7].



The fracture analysis of the tensile specimens showed that all three titanium alloys
experience ductile failure. Ductile behavior is desirable in biomedical
applications.
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6.2.

Summary

After evaluating the three titanium alloys in this work, the mechanical properties of Ti
15-3-3-3, Ti SP-700 and Ti Beta-C can be tailored to match or exceed the mechanical properties
of current titanium and titanium alloys used in the biomedical industry. These alloys can be
processed to yield a combination of high tensile strength and good ductility (1000 MPa and 15%
elongation). The fatigue strength of Ti Beta-C is in the range of current beta phase titanium
alloys used for biomedical applications. This work also provided a correlation between the beta
titanium alloy samples microstructure and mechanical properties. The microstructures with
finely precipitated intragranular alpha phase yielded the highest strengths. When tested to failure,
the titanium alloys all failed in a ductile manner. This work has provided ample evidence that the
three beta phase titanium alloys, Ti 15-3-3-3, Ti SP-700 and Ti Beta-C, can be processed to have
mechanical properties, fatigue strength and failure modes that match or exceed the current
biomedical titanium alloys.
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